Objective: We analyzed long-term changes of lobar glucose metabolic abnormalities in relation to clinical seizure variables and development in a large group of children with medically refractory epilepsy. Methods: Forty-one children (25 males) with drug-resistant epilepsy had a baseline positron emission tomography (PET) scan at a median age of 4.7 years; the scans were repeated after a median of 4.3 years. Children with progressive neurological disorders or space-occupying lesion-related epilepsy and those who had undergone epilepsy surgery were excluded. The number of affected lobes on 2-deoxy-2( 18 F)-fluoro-D-glucose-PET at baseline and follow-up was correlated with epilepsy variables and developmental outcome. Results: On the initial PET scan, 24 children had unilateral and 13 had bilateral glucose hypometabolism, whereas 4 children had normal scans. On the follow-up scan, 63% of the children showed an interval expansion of the hypometabolic region, and this progression was associated with persistent seizures. In contrast, 27% showed less extensive glucose hypometabolism at follow-up; most of these subjects manifested a major interval decrease in seizure frequency. Delayed development was observed in 21 children (51%) at baseline and 28 (68%) at follow-up. The extent of glucose hypometabolism at baseline correlated with developmental levels at the time of both baseline (r = .31, P = .05) and follow-up scans (r = .27, P = .09). Significance: In this PET study of unoperated children with focal epilepsy, the lobar pattern of glucose hypometabolism changed over time in 90% of the cases. The results support the notion of an expansion of metabolic dysfunction in children with persistent frequent seizures and its association with developmental delay, and support that optimized medical treatment to control seizures may contribute to better neurocognitive outcome if no surgery can be offered.
cerebral blood flow, as well as neuropsychological profile, can also contribute to the localization of epileptic foci. 2 When a structural abnormality is not present on MRI, one of the commonly used modalities for presurgical mapping of the abnormally functioning cerebral cortex is positron emission tomography (PET) using 2-deoxy-2( 18 F)-fluoro-D-glucose (FDG). 3 This imaging modality has now been used for >30 years to identify epileptic foci, with hypometabolism in the area of the epileptic focus being the most frequent interictal finding. 4 The exact cause of interictal hypometabolism is still not completely understood, although it is assumed to be related to multiple mechanisms, including neuronal loss and altered synaptic activity. [5] [6] [7] [8] Previous studies have demonstrated that the extent of interictal hypometabolism in the epileptic brain can evolve over time. For example, children with recent onset epilepsy often show normal FDG-PET initially, but subsequently a subset of them will develop cortical hypometabolism. 9 Longitudinal studies in children with medically refractory epilepsy who have not undergone epilepsy surgery have been scarce. A small FDG-PET study of 15 children with medically refractory epilepsy by our group demonstrated both interval decreases and increases in the extent of cortical glucose metabolism as measured by an analysis of asymmetry; metabolic changes in the epileptic hemisphere were associated with interval seizure frequency in that study. 10 Reversal of some hypometabolic abnormalities outside the primary seizure focus has also been reported after effective seizure control with medication or resective surgery. [10] [11] [12] [13] These findings point toward a dynamic nature of cortical hypometabolism in epileptic subjects. However, there have been no long-term longitudinal studies evaluating the evolution of cortical glucose metabolism in childhood epilepsy for the whole brain. In the present study, we have attempted to bridge this knowledge gap through a retrospective evaluation of children with drug-resistant epilepsy, who had at least 2 interictal FDG-PET scans >1 year apart. We evaluated the patterns of longitudinal changes in cortical glucose metabolic abnormalities at the lobar level. In addition, we assessed whether the baseline extent and/or interval changes in metabolism seen on FDG-PET were associated with clinical variables, such as seizure frequency and developmental delay.
| MATERIALS AND METHODS

| Study population
This was a retrospective study performed at the Children' (Table 1) . Children who had surgical resection of the epileptic focus after the first scan were not included in the study. In the study patients, surgery was not performed after the initial scan due to inadequate localizing data, improvement in clinical condition, or caregiver decision. The second PET scan in these children was a part of repeat presurgical evaluation at least 1 year after the first scan. Children with extensive severe MRI abnormalities (eg, multilobar developmental malformations, tuberous sclerosis) and those with space-occupying lesion-related epilepsy or a history of meningitis or encephalitis were excluded.
As a result of the above selection process, we identified 41 children (25 males, 16 females) who fulfilled the selection criteria. The median age of these children was 4.7 years (range = 0.4-17.4 years) at the time of the first PET scan, which was repeated after a median of 4.3 years (range = 1.3-11 years). Details of demographic, clinical, and imaging characteristics are given in Table 1 . Eight of the 41 children showed MRI abnormalities (including 5 at baseline). MRIs with baseline abnormalities remained stable over time (2 heterotopias, 1 remote intraventricular hemorrhage, 1 subtle mesial temporal sclerosis, and 1 cortical dysplasia). Three additional patients had MRI signs of cortical dysplasia that became apparent on the second MRI scan. Six children had genetic abnormalities known at last follow-up; 3 had SCN1A mutation, 1 had SCN2A mutation, 1 had KCNQ5 mutation, and 1 had 2q11.2 and 5q21.2 duplications.
Key points
• Lobar glucose metabolic pattern changes during long-term follow-up in 90% children with intractable epilepsy
• Patients with a larger increase in seizure frequency showed a more robust expansion of PET abnormalities during follow-up
• Larger baseline hypometabolism was associated with more severe developmental delay at baseline and follow-up
• Effective nonsurgical seizure treatment may slow down or even reverse metabolic progression
| Assessment of seizure frequency
To estimate severity of epilepsy, we assigned a seizure frequency score to each patient (modified from previous literature), 10, 14 both at baseline and at follow-up. This score allowed us to assess major changes in seizure frequency over time. Seizure frequency was categorized using a 6-point scale (score 0 = no seizures; score 1 = occasional seizures, ie, <1 seizure/mo; score 2 = monthly seizures, ie, >1 seizure/mo but <1/wk; score 3 = weekly seizures, >1 seizure/wk but <1/d; score 4 = 1-9 seizures/d; score 5: ≥10 seizures/d). asking the patients to lie quietly in a semidark room with their eyes closed. The children were positioned in the scanner 40 minutes after FDG injection, and a static 20-minute emission scan of the brain was acquired. Automated threshold fits to sinogram data were used to calculate the attenuation correction, which was then applied to the brain images. After the tracer uptake period (but not during the uptake period), sedation was used when necessary.
| Assessment of developmental status
| FDG-PET evaluation
The FDG-PET scans were originally assessed by one of the coauthors (H.T.C.), who has 30 years of experience reading pediatric PET scans. Each of the PET scans was digitally retrieved and reevaluated for the purpose of this study by 2 other coauthors independently (A.K., C.J.), who were blinded to the clinical and EEG data of the patients, and who recorded lobes showing hypometabolism in each hemisphere. Discrepancies in these readings were resolved by re-reviewing the images and reaching a consensus between the 2 raters.
| Study design and statistical analysis
Spearman rank correlations were performed to evaluate the association between the clinical and imaging characteristics at the baseline and follow-up PET. Age, seizure frequency score, time of the last clinical seizure before the PET scan, developmental levels at both scans, and time interval between baseline and follow-up scans were correlated with the extent of PET abnormalities (number of lobes involved, range = 0-8) as well as the interval change in PET involvement. We also analyzed the association between the interval change in seizure frequency scores and the change in FDG-PET involvement in a subgroup of 30 patients with seizure frequency scores between 2 and 4 at baseline (<9/d to monthly seizures), that is, in patients where baseline seizure frequency was more homogeneous (by excluding very severe and mild cases). A Wilcoxon signed-rank test was performed to compare the extent of PET abnormality at initial and follow-up PET. Kruskal-Wallis tests followed by post hoc Mann-Whitney U tests were performed to compare the number of lobes involved on FDG-PET, based on the developmental delay distribution (normal, mild/moderate, severe). Likewise, the number of lobes involved on FDG-PET was compared between those with versus without epileptiform activity on PET-EEG and those with focal versus generalized epilepsy, using Mann-Whitney U tests. A P value of <.05 was considered significant. SPSS version 22.0 (IBM, Armonk, NY, USA) was used for statistical analyses.
3 | RESULTS
| Baseline abnormalities and interval changes of lobar PET abnormalities
Of the 41 children, 24 had unilateral and 13 had bilateral hypometabolism, whereas 4 children had normal baseline PET scans. At follow-up, 4 (10%) children showed no change in metabolism, 11 (27%) showed a decrease, and 26 (63%) showed an increase in the number of lobes involved, that is, a substantial expansion of metabolic abnormalities (see example in Figure 1 ). Among these 26 children, 3 showed progression in the originally affected hemisphere, 12 progressed from uni-to bilateral abnormalities, and 7 already had bilateral involvement at baseline; 4 children had no apparent metabolic abnormality at baseline but showed unilateral (n = 1) or bilateral abnormality (n = 3) on the follow-up scan. The extent of abnormality on follow-up was significantly different from the initial PET and, in general, showed an increase in extent over time (median number of abnormal lobes = 2 [interquartile range (IQR) = 1-3] at baseline and 3 [IQR = 2-4] at follow-up; P = .04 by Wilcoxon signed-rank test). This change was even more significant in the subgroup of 30 patients with baseline seizure frequency scores between 2 and 4 (P = .02). In addition, smaller extent of baseline PET abnormalities was associated with greater changes (progression) of metabolic abnormalities during follow-up (Spearman rho [r] = À.42, P = .006). Longer time between the 2 PET scans showed a nonsignificant trend with more interval change in extent of PET abnormalities (r = .27, P = .08, Table 2 ). Patients with baseline MRI abnormalities (n = 5) showed no or minimal changes on follow-up PET scans (3 unchanged, 1 improvement by 1 lobe, and 1 progression by 1 lobe); for the 3 patients whose second MRI showed a newly detected cortical dysplasia, PET scan showed expansion of hypometabolism by 3-4 lobes. The number of antiepileptic drugs (AEDs) at baseline or follow-up did not correlate with the number of lobes involved on baseline or follow-up PET, or with the change in PET scores over time (P > .1).
| Association between seizure frequency and PET changes
The extent of the baseline PET abnormalities significantly correlated with changes in seizure frequency over time (r = À.37, P = .02), showing that smaller extent of PET abnormality on the baseline scan was associated with a smaller increase in seizure frequency over time. The extent of interval metabolic changes on PET was associated with the change in seizure frequency scores in children with baseline seizure frequency scores between 2 and 4 (n = 30, r = .50, P = .005), indicating that patients with a larger increase in seizure frequency showed a more robust expansion of PET abnormalities during follow-up ( Figure 2 ). The scatter plot demonstrates that children with sustained seizures (even if there was no change or mild decrease in seizure frequency) tended to have an expanded metabolic abnormality on follow-up PET scan; only patients with a substantial decrease in seizure frequency (by ≥2 scores) showed some resolution of metabolic abnormalities. The change in PET continued to show a significant correlation with the change in seizure frequency (r = .43, P = .02) in children >1 year of age within this subgroup (n = 27).
| Association between other seizure characteristics, and EEG and PET changes
No correlation was found between the time of the last seizure before baseline and follow-up PET scan and the lobar extent of PET abnormality (P ≥ .3). At baseline, PET-EEGs showed epileptiform abnormalities in 14 and no epileptiform changes in 24 (no EEG monitoring was done in 3 children, and none of them showed signs of seizures during the uptake period). At follow-up, 19 showed epileptiform abnormalities, whereas 22 did not. The extent of PET hypometabolism at baseline or follow-up PET was not different between patients with PET-EEGs showing epileptiform versus nonepileptiform abnormalities at baseline (P = .1 at baseline, .5 at followup). Presence of focal versus generalized epilepsy could be established reliably in 25 patients. No significant difference was found in the extent of PET abnormalities between focal (n = 16) and generalized epilepsy groups (n = 9) at baseline (P = .9) or at follow-up (P = .7).
| Association between age, developmental levels, and PET abnormalities
The age of the patients at the initial PET was inversely correlated with the extent of the baseline PET abnormality (r = À.37, P = .02) as well as the developmental status at the initial (r = À.32, P = .04) and follow-up (r = À.58, P < .001) PET scan. This indicated that a child who was younger at the time of the initial scan usually showed a larger extent of metabolic abnormality and ended up with worse developmental outcome at follow-up. The extent of metabolic abnormality on baseline PET scans correlated with the developmental status at the time of the initial scan (r = .31, P = .05) and showed a similar trend at the follow-up scan (r = .27, P = .09; Table 2) in the whole group and also in children >1 year of age (n = 37; r = .32, P = .05 at baseline and r = .28, P = .08 at follow-up). Kruskal-Wallis test did not reveal a significant difference in the mean number of lobes involved among the developmental level groups at baseline or follow-up (Table 3) . Post hoc Mann-Whitney U tests showed a trend for group difference in the FDG-PET lobar involvement between children with normal versus severe developmental delay at baseline (1.7 vs 2.7, P = .07). The extent of lobar PET abnormalities did not differ between the normal and mild/moderate (mean lobes involved: 1.7 vs 2.6, respectively, P = .1) or between the mild/moderate and severe delay groups (P = .9). No significant difference in the mean number of lobes involved on the follow-up PET was found on follow-up developmental level categorization. However, when data of patients with mild and severe developmental delay were combined into a single developmental delay category, the extent of the baseline PET abnormality was significantly lower in patients with normal as compared to those with delayed development at baseline (mean lobes involved: 1.7 vs 2.6, respectively, P = .04).
| DISCUSSION
This study explored interval changes of lobar glucose uptake in a nonsurgical group of children with medically intractable epilepsy who underwent PET scanning at 2 time points separated by >1 year, and evaluated the clinical factors associated with these changes. We report 3 main findings: (1) the lobar pattern of glucose hypometabolism changed over time in the majority of cases, most commonly showing an interval expansion to additional lobes, seen in about 60% of the patients, suggesting progression of pathophysiology in those with persistent frequent seizures; interval regression of hypometabolism was also observed, but much less frequently (26%), affecting those with a marked improvement in seizure frequency; (2) extensive baseline hypometabolism on PET predicted more increase in seizure frequency by the follow-up PET scan; and (3) greater extent of hypometabolism at the baseline scan was also associated with greater developmental delay at baseline and follow-up.
Longitudinal studies tracking brain glucose metabolic changes in epilepsy have been scarce, and as far as we know this is the largest such study in childhood epilepsy. Our previous study in a small group of children (n = 15) with drug-resistant epilepsy applied an asymmetry-based analysis, thus considering longitudinal changes only in the presumed epileptic hemisphere. 10 Consistent with the present findings, both expansion and decrease in the extent of glucose hypometabolism were observed in that study. Our current findings further demonstrate that progression of hypometabolism often affects both hemispheres, observed in about half of the patients. Interestingly, another study in children with partial epilepsy found no evidence of bilateral progression, possibly because the majority of those children PET, positron emission tomography.
a Statistically significant at P ≤ .05.
F I G U R E 2
Positive correlation between change in seizure frequency scores (time2 À time1) and change in positron emission tomography (PET) involvement over time (number of affected lobes, time2 À time1) in a subgroup of 30 children with baseline seizure frequency scores 2-4 (ie, <9/d to 1/mo; r = .50, P = .005). Negative values of change in PET involvement and change in seizure frequency denote improvement, whereas positive values denote progression did not develop uncontrolled seizures. 9 In our group of children with drug-resistant seizures, common bihemispheric involvement may have implications not only on long-term neurocognitive and developmental outcomes, but also on suitability for surgery, as bilateral hypometabolism is associated with higher risk for postoperative seizures and surgical failure. 15, 16 Smaller extent of baseline hypometabolism on FDG-PET was associated with larger expansion on follow-up PET in the present study. Presumably, a smaller abnormality has a greater potential for expansion, whereas those with a large abnormality at baseline may have already undergone progression in the past, before the baseline scan. Therefore, a small area of glucose metabolic abnormality on FDG-PET may not always indicate a good prognosis regarding future extent of hypometabolism, as the metabolic abnormalities are likely to progress over time if seizures persist. In addition, we found no dependence of the extent of change in PET abnormality on the length of follow-up. Whether these changes reflect a change in underlying epileptic networks remains to be determined, but we hypothesize that this may be the case.
We found that the baseline extent of hypometabolism was moderately correlated with the change in seizure frequency over time (r = .37). Similar results were obtained in the previous study by our group, 10 and in the univariate analysis in a cross-sectional retrospective study by Zhu et al 17 ; however, their multivariate analysis showed that the only significant determinant of extent of hypometabolism was time since last seizure. This latter variable was not associated with the number of hypometabolic lobes in our present cohort. We also found a strong correlation between change in seizure frequency and change in extent of hypometabolism when analyzed in a subgroup with moderate baseline seizure frequencies. This is consistent with our previous findings. 10 Our present data suggest that a noticeable (lobar) improvement in the hypometabolism occurs only when seizures become controlled or at least show a major reduction. Sustained or even mildly improving seizure frequency may still be associated with expansion of metabolic abnormalities. The mechanism of cortical hypometabolism and its progression during the clinical course of epilepsy is still unclear. The incidence of focal hypometabolism in children at the beginning of epilepsy is relatively low, observed in only about 20% of the cases in 1 study. 18 This initial hypometabolism may be a consequence of the underlying epileptogenic etiology. 9, 19 Eventually, with seizure progression, the hypometabolic area may expand. Spatial extension of metabolic abnormalities may partly be the result of recurrent seizures, possibly due to related synaptic loss to the functionally connected cortical area. Recent studies suggest that hypometabolism extends well beyond the epileptic network, probably due to remote inhibition as a result of cellular neurophysiological changes. 20 Recurrent seizures can lead to neuronal loss, resulting in decreased cell density, which in turn is correlated with hypometabolism seen on FDG-PET. [21] [22] [23] More recent studies indicate that cortical hypometabolism may also be related to altered c-aminobutyric acid type A receptor function or mitochondrial dysfunction and resultant failure of cellular energy production in the epileptic zone neurons. 24, 25 Seizure propagation to connected ipsi-and/or contralateral areas of the brain leads to reverberating electrical activity in the involved network. 22 Hypometabolism in such connected areas may be a result of either deafferentation or tonic hyperpolarization of inhibitory neurons. 26, 27 As seen in postoperative PET studies, once this neural network is disrupted through surgical resection, hypometabolism in the functionally connected areas can reverse. 26, 28, 29 Overall, these previous data together with our present findings support the notion that epilepsy is a chronic evolving process, which generally leads to expansion of the hypometabolic regions over time, unless seizures are brought under control either by AEDs or by surgical resection of the seizure onset area. 22 Children who were scanned at a younger age had a larger extent of hypometabolism and more severe developmental delay at baseline as well as follow-up. Such children likely had an early onset and more aggressive disease course, compared to those who developed seizures (and were scanned) later. Early onset (and subsequently intractable) epilepsy would have a strong impact on future development of the child. There have been only a few studies on this topic, and several confounding factors make the interpretation challenging, including variable etiology, the use of AEDs, seizure type, and reorganization of language and other networks, all of which may affect the developmental outcome. [30] [31] [32] Association of extensive, often bilateral hypometabolism with developmental delay, as found in the present study, is not surprising. Our study also shows that whereas the extent of glucose hypometabolism is a predictor of the developmental level at that point, it is not as predictive of the future developmental progression of the child. This is understandable, as future developmental abnormalities are likely to be affected not only by the cumulative effect of seizures, but also by medical interventions and other, yet unknown environmental factors. Nevertheless, these data support that optimizing seizure control may not only reverse some of the metabolic abnormalities but also improve developmental outcome. Our study has several limitations. Due to the retrospective nature of the study, our cohort represents a heterogeneous group in terms of age, type of epilepsy, and location of epileptic foci. A selection bias (referral of patients to a level 4 epilepsy center) is also likely. We also recognize that seizure types, the length of individual seizures, fluctuations in seizure frequency, subclinical seizures, and the potential effects of the wide variety and changes in AED types and doses cannot be accounted for, and unrecognized seizures just prior to the PET scan may also affect glucose metabolism. Our study relied on subjective visual assessment of the PET scans. However, objective, operator-independent assessment of bilateral PET metabolic abnormalities in young children is not trivial, due to the lack of healthy control groups and the lack of validated objective approaches. The lobar approach used in this study can only appreciate major interval changes, whereas milder, intralobar metabolic fluctuations are not accounted for. Our patients did not have formal neuropsychological evaluations. Therefore, we assessed developmental delay in broad categories that could be executed reliably even in a retrospective study. A few patients in our study had some known genetic mutations; however, the small number of such patients and inconsistent genetic testing precluded their evaluation as a separate group. On review, they showed heterogeneous PET abnormalities and variable interval changes.
Despite these limitations, we believe that our study has important clinically relevant implications. First, because the metabolic abnormalities seen on the initial PET are not static in most cases, it may be advisable to repeat FDG-PET prior to epilepsy surgery if the scan was done >1 year before the planned surgery. Furthermore, the correlation between metabolic changes and seizure frequency changes suggests that if no surgical resection can be offered for any reason, optimized nonsurgical seizure treatment may slow down metabolic progression or, in some cases, possibly even reverse extensive hypometabolism; this in turn may be associated with better developmental outcome. This latter conclusion can be further addressed in future, prospective, longitudinal studies involving objective image analysis and formal neurocognitive assessment.
